INTRODUCTION
Nearshore marine ecosystems, such as seagrass beds and mangrove forests, are thought to provide crucial nursery habitats for many marine species (reviewed in Blaber 2000 , Beck et al. 2001 . Much of the evidence for the use of these habitats as nurseries comes from studies that have focused on how particular characteristics of the juvenile habitat lead to larger juvenile populations, without determining if or how processes at the juvenile stage ultimately affect adult populations (Beck et al. 2001) . Establishing this link between juvenile and adult populations is critical for distinguishing between habitats that are productive for resident individuals and habitats that are actually serving as nurseries (i.e. supplying great numbers of individuals to adult habitats). In other words, a juvenile habitat may be extremely productive, but if no juveniles from that habitat successfully migrate to the adult population, then the habitat productivity never translates into reproductive output for the species.
Habitat size and relative location within a landscape may play important roles in determining nursery productivity (Beck et al. 2001 ). Demographic bottlenecks due to limited habitat availability have been shown for several species (Steger 1987 , Wahle & Steneck 1991 , Beck 1995 , 1997 , and relationships between the size of available juvenile habitat and adult population size may exist for several species (reviewed in Blaber 2000) . However, this relationship remains equivocal. Furthermore, the distance between juvenile and adult habitats may affect the number of juveniles that successfully migrate to adult habitats. Mortality may be greater with increasing distance, or individuals may have difficulty finding an appropriate adult habitat if it is far from the juvenile habitat. In fact, patch size and the distance between patches are known to play a key role in determining the population size and persistence of species on islands (MacArthur & Wilson 1967 ) and in metapopulations (Hanski & Gilpin 1997) , but few studies to date have directly tested the role of these factors in controlling population sizes of species that use nursery ABSTRACT: Nearshore marine habitats, such as seagrass beds and mangroves, are generally assumed to be key nurseries for many marine species. Few studies, however, have examined relationships between the characteristics of juvenile habitats and the size of adult populations, although such studies are essential for confirming and quantifying the nursery function of these habitats. In this paper I describe the results of surveys of adult populations of 2 coral reef fish species (the yellowfin mojarra Gerres cinereus and the schoolmaster Lutjanus apodus) that are thought to be dependent on mangroves as nurseries in the Virgin Islands, Caribbean Sea, to determine if the size of nearby mangrove stands and their proximity to adult reef habitat are related to adult densities. The results indicate that these 2 factors do not affect adult fish densities on coral reef patches. However, evidence suggests that a relationship between the island-wide size of mangroves and adult fish densities and population sizes exists for at least 1 fish species at the island scale, indicating that juvenile habitat may limit adult fish numbers for some species at this scale.
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Resale or republication not permitted without written consent of the publisher habitats. Recent evidence suggests that mangrove patch size and proximity to coral reefs may be important for limiting adult population sizes of some coral reef fishes (Blaber 2000 , Nagelkerken et al. 2000 , 2002 , although this evidence remains limited in extent.
To test if the population density of reef fishes that are dependent on mangroves as nursery habitat is related to mangrove size and location, I conducted surveys of the densities of 2 species of coral reef fishes on patches of reef that varied in distance from mangroves stands of varying size. Correlations between these variables are used to address the following questions: (1) Are densities of these species on a reef a function of the size of the nearest mangrove stand? (2) Are fish densities a function of the distance between study reef and the nearest mangrove? (3) Is the role of either factor in controlling fish densities scale-dependent?
MATERIALS AND METHODS
Study site and species. I conducted surveys around 5 Virgin Islands in the Caribbean Sea (see Fig. 1 ). These islands are part of the northern Lesser Antilles and include St. John, St. Thomas and St. Croix in the US Virgin Islands and Virgin Gorda and Tortola in the British Virgin Islands. Shallow, nearshore reefs surveyed in this study consist mostly of medium-sized (100 to 300 m in length) patches contiguous with the shoreline and fringed by large sandy areas, except for some regions of St. Croix that consist of continuous barrier reef. St. Croix is separated from the other islands by a submerged canyon 3 km in depth, whereas all the other Virgin Islands are separated by channels about 30 m deep. Both red mangroves Rhizophora mangle and black mangroves Avicennia germinans are present around these islands but are limited in extent and vary in the size of individual stands, their proximity to study reefs and the total mangrove area per island. I classified each mangrove stand as pristine (no shoreline development in or near mangroves), partially developed (mangroves and development intermixed), or fully developed (most of shoreline developed, and mangrove area used as a harbor), and calculated the average rank of the mangrove stands around each island. Data from Navassa Island (Miller 2003) , an island ~50 km from Haiti that has no mangrove habitat, were also included for island-scale analyses. Survey methods for Miller's study (2003) were different from those used here, so only data for Gerres cinereus could be used because no individuals of this species were observed.
Adults from 2 species of reef fishes, the schoolmaster Lutjanus apodus and the yellowfin mojarra Gerres cinereus, were surveyed. In the Virgin Islands, these species appear to be dependent on mangroves as nurseries; small juveniles (<10 cm total length, TL) are found only in mangrove habitats, while fish larger then about 15 cm TL are rarely seen in mangroves (Adams & Ebersole 2002 , and author's pers. obs.).
Survey design. Fish populations were surveyed at a total of 69 haphazardly selected non-contiguous reef sites around each of the 5 Virgin Islands (see Fig. 1 ). All surveys were conducted along the sand/reef edge of study reefs. Reef sites were chosen based on their accessibility from roads along the shore and were of varying distance (0.1 to 18 km) from mangrove stands of varying size (0.0007 to 0.786 km 2 ). Surveys were conducted from June 22 to July 4, 2001.
At each site, six 5 min timed transects were swum at haphazardly chosen locations, similar to the method described by Greene & Alevizon (1989) . This method is good for describing relative differences in fish densities at different sites, but has limitations when trying to calculate population size, since transects are not spatially explicit. At some sites it was not possible to swim all 6 transects because reef patches were too small; Fig. 1 . The Virgin Islands, Caribbean, showing locations of stands of mangrove (s) and survey (d) sites. Survey sites around islands were chosen haphazardly according to accessibility from the road, except around St. Croix where many sites were chosen to be near but at varying distances from mangrove patches consequently, only 5 transects were conducted at 6 sites, 4 transects at 4 sites, 3 transects at 1 site, and 2 transects at 3 sites. Transect values from each site were averaged to give site values, and all transects within an island were averaged to give island values. All transects were examined via snorkel-diving above the 3 m depth contour (depth range = 1.5 to 5 m). Both species are common at this depth, but can also be found down to 15 m (Gerres cinereus) and 60 m (Lutjanus apodus; R. Froese & D. Pauly 2003: FishBase; available at www.fishbase.org).
During each timed swim, an assistant or I would count the number of Gerres cinereus and Lutjanus apodus seen at any distance from the transect. We would also search in and under large reef structures to look for hiding fishes, and would track fishes, to ensure we did not count a fish twice. Visibility was estimated to the nearest 1 m, and during each transect data were collected on the percent of complex reef present (defined as reef structure large enough to hide adult fishes, and binned into 5% categories) and the overall complexity rank of the transect, scaled from 0 (all flat) to 5 (high 3 dimensionality along the entire transect). These latter data were used to characterize and compare reefs among sites and islands.
High-resolution aerial photographs taken by the National Oceanographic and Atmospheric Association (NOAA 2003: Biogeography Program, available at: http://biogeo.nos.noaa.gov/products/data/photos/ usvi.shtml) of the US Virgin islands and most of Tortola were used in conjunction with National Institute of Health (NIH) image software to calculate linear extent of mangrove stands and the distance between mangroves and study reefs for these islands. For mangroves and study reefs in Eastern Tortola and Virgin Gorda, for which aerial photographs were not available, the linear coastal extent and location of mangroves was noted on nautical charts that were then scanned to make digital images to be used in calculating these measures. All measurements using NIH Image software were made 3 times and average values were used for analyses.
The lengths of mangrove stands were multiplied by a width of 2 m to get a total area of submerged mangrove. Randomly chosen transects at Gallows Bay and Salt River in St. Croix showed the average width of mangroves submerged during high tide (i.e. accessible to fishes) to be about 2 m (mean ± SD = 2.14 ± 1.1 m; n = 8). Because most mangrove stands on the other islands were inaccessible, I used this width of 2 m to calculate submerged mangrove area for all mangrove stands. Comparison of these values to data from benthic habitat GIS shape files available for the 3 US Virgin Islands (Kendall et al. in press) confirm accuracy of the method (individual mangrove stand size: paired t-test, t = 0.54, p = 0.60; total island mangrove size: paired t-test, t = -1.97, p = 0.08).
The effect of mangrove stand size on adult population density at the nearest study reef was tested at the small scale, where each site was included independently, and at the larger (island) scale, where data were averaged for all sites from an island. The effect of distance between study reef patch and the nearest mangrove stand was tested only at the small scale, with each site as an independent datum.
RESULTS
Mangrove habitat was distributed among 26 stands, with 2 to 7 stands per island (Fig. 1) . Stands ranged in size from 0.0007 to 0.786 km 2 (mean ± SD = 0.078 ± 0.176 km 2 ) and the total mangrove area on any one island from 0.004 to 1.33 km 2 . Distances between mangroves and study reefs ranged from 0.12 to 17.95 km (mean ± SD = 4.91 ± 4.41 km), with a third of the reef sites (n = 23) being <1.5 km from a stand of mangroves. Average amount of complex reef structure and overall complexity rankings were significantly different between islands (ANOVA, df = 4, 372, F = 10.65, p < 0.0001 and df = 4, 372, F = 13.74, p < 0.0001, respectively). Pairwise comparisons showed that Virgin Gorda, Tortola, and St. John had significantly higher amounts of complex reef than St. Thomas and St. Croix, and that Virgin Gorda's complexity ranking was significantly higher than all other islands.
Visibility at each site averaged about 8 m (mean ± SE = 7.94 ± 0.20; range = 2 to 18 m). Although average visibility across sites and islands differed significantly (ANOVA: df = 67, 316, F = 19.81, p < 0.0001; df = 4, 379, F = 14.78, p < 0.0001; for sites and islands, respectively), average densities for neither species were a function of visibility at either scale (linear regression, sites: df = 1, 67, F = 0.23, p = 0.63 for Gerres cinereus, df = 1, 67, F = 0.00, p = 0.99 for Lutjanus apodus; islands: df = 1, 3, F = 0.16, p = 0.72 for G. cinereus, df = 1, 3, F = 1.52, p = 0.30 for L. apodus). Therefore, the relative density measurements are likely to be accurate.
Analyses of mean values from all sites show no interactive or independent effects of juvenile habitat (mangrove) size and distance between mangrove and reef habitats on adult density at a site (average number of fishes per transect; Table 1 ). When site data were averaged for each island and correlated with total island mangrove size, some significant results emerged. Because there was high variance in density values among sites, average island population density did not differ significantly between islands for either species (ANOVA: F = 0.23, p = 0.99; F = 1.24, p = 0.31; for Ger-res cinereus and Lutjanus apodus, respectively). However, for G. cinereus, which is not fished, there was a highly significant log-linear relationship between average adult density and total island mangrove size ( Fig. 2A ; linear regression analysis on log-transformed mangrove size, df = 1, 4, F = 39.94, p = 0.003, R 2 = 0.91). This relationship was not evident for Lutjanus apodus ( Fig. 2B ; linear regression analysis using log-transformed mangrove size, df = 1, 3, F = 0.04, p = 0.85). However, fishing intensity may be altering the patterns of population size of L. apodus. Mangrove quality had no effect on adult population densities at either scale. I found no significant differences among adult population densities on reefs that were closest to mangrove stands of different qualities (1-way ANOVA, df = 2, 67, F = 0.01, p = 0.99 and F = 1.87, p = 0.16 for Lutjanus apodus and Gerres cinereus, respectively). There was also no significant relationship between average island adult population density and average island mangrove quality (linear regression analysis, df = 1, 4, F = 1.55, p = 0.30 and F = 0.09, p = 0.78 for G. cinereus and L. apodus , respectively), although sample size was small for this test. In fact, the island with the most pristine mangroves (Virgin Gorda) had the lowest densities of both fish species, whereas the island with the most degraded mangrove stands (Tortola) had the highest population densities for L. apodus.
DISCUSSION
The results of this study suggest that for 2 species of reef fishes that are dependent on mangroves as nurseries, adult populations on reefs are not limited by mangrove stand size or proximity at the local (small) scale (hundreds of meters to kilometers), but may be limited by the amount of mangroves around an entire island. This island-wide pattern is evident in correlations between average adult density and total mangrove area for Gerres cinereus, but less so for Lutjanus apodus.
There are 2 likely reasons for why the island-wide relationship was clear for Gerres cinereus but less apparent for Lutjanus apodus. First, high fishing pressure in St. Thomas and St. Croix would only affect L. apodus (G. cinereus are not fished), which may explain why average population densities for this species were so low on these islands. Second, the relatively high mobility of L. apodus may act to obscure potential relationships between population size and habitat size. Data from Navassa Island (Miller 2003) show how species mobility may affect local population size; the island had no yellowfin mojarra of any size but some large schoolmasters. Although some L. apodus may have recruited to the island in the past, it is also likely that some individuals swam from Haiti to Navassa Island. These results are in contrast to those from Curaçao, where fish densities of nursery species decreased with increasing distance from the mouth of a bay containing nursery habitats (Nagelkerken et al. 2000) . Further study is necessary to explore why results varied between these locations, although differences in features of the reef, the productivity of the bays containing nursery habitats, and the number of mangrove stands around each island may affect dispersal patterns and distributions of individuals, in turn creating or obscuring a relationship between population size and distance from the nearest nursery habitat. Interestingly, results from this study show that reef structure did not create this relationship in the Virgin Islands, and in fact may have obscured the pattern (i.e. the lowest adult densities were on the most complex reefs).
These results suggest that if a juvenile habitat bottleneck exists at the island-scale, it is removed once juvenile habitat size exceeds a relatively small size. Warner & Hughes (1989) showed that the ability of adult populations of long-lived species to store pulses of recruits makes recruitment limitation possible only when recruitment is very low. A similar process may be occurring here, where the long lifespan of the 2 species (congenerics live 25 to 50 yr; Burton 2001, Wilson & Nieland 2001 , Newman & Dunk 2003 relative to the time they spend in the juvenile habitat (several months at most), causes the juvenile habitat to be a limiting factor only when it is particularly scarce.
Other factors are likely to be important for creating or obscuring the relationship between juvenile habitat size and adult population size. Recruitment to mangrove patches may vary significantly, depending on the location of the mangroves relative to larval delivery paths. Similarly, mangrove quality may affect how this habitat limits population size, although the results from this study suggest that the condition of the mangrove stands was not likely to be a factor influencing these results. Finally, in other locations, juveniles of these species have been found in habitats other than mangroves (Nagelkerken et al. 2001) , suggesting that the relationship between adult population size and mangrove habitat size may vary geographically depending on how necessary the mangrove habitat is for juveniles of the species in the particular location. Regardless of these other possible factors, in this study juvenile habitat (mangrove) size appeared to be an important limiting factor for adult population size for at least 1 coral reef species.
There are 2 particularly important implications of this work. First, determining the role that juvenile habitats play in limiting population size is necessarily a complex question that is likely to have different answers for each species in each location. Given the large number of species that use distinct juvenile habitats, this issue merits more attention in ecological research. Second, results from this work highlight the need to carefully evaluate the actual role juvenile habitat plays in limiting adult population size when developing conservation and management plans for species that use nursery habitats. Although nursery habitats are likely to exist and to be important for many species, conservation money and time are always limited and may be more judiciously spent helping to protect and restore adult reef habitats.
